Background. Kaposi sarcoma (KS) incidence has decreased since combination antiretroviral therapy (cART). However, effects of cART type and duration on KS remain difficult to interpret secondary to KS-associated immune reconstitution inflammatory syndrome (IRIS).
The introduction of combination antiretroviral therapy (cART) revolutionized human immunodeficiency virus (HIV)-infection management, resulting in improved outcomes and survival [1] . However, compared with the general population, HIV-infected individuals continue to experience increased risk for developing AIDS-defining cancers such as Kaposi sarcoma (KS) [2] . In the United States, KS incidence has significantly decreased since widespread cART use, but KS remains the most common HIV-associated malignancy [2] [3] [4] [5] [6] . cART use alone has been suggested to prolong survival [7] [8] [9] and often leads to resolution of KS in HIVpositive patients [10] . These improved outcomes have been widely attributed to immune restoration and virologic suppression following cART use; however, the effects of specific cART classes on KS incidence have not been well described.
Previous reports have suggested that protease inhibitors (PIs), a class of antiretrovirals, may be effective in controlling KS independently of immune reconstitution and virologic suppression [11] . In vitro studies have demonstrated that PIs such as ritonavir, saquinavir, nelfinavir, and indinavir have direct effects on angiogenesis and tumor growth and on KS-herpesvirus 8 (HHV-8) replication [12] . However, clinical studies evaluating the effect of PIs on KS incidence have primarily been small case series or observational studies with poorly defined outcomes that have not indicated clear treatment benefit [13] .
Furthermore, several recent studies have shown that KS incidence and progression may be affected by immune reconstitution inflammatory syndrome (IRIS), a paradoxical worsening of clinical status despite immune recovery [14] [15] [16] [17] . IRIS results from an exaggerated activation of the immune system against persistent antigen or viable pathogens during immune restoration following cART initiation. IRIS clinically occurs with almost any opportunistic infection and some malignancies after cART initiation. Thus, evaluating the impact of specific antiretroviral therapies on KS incidence may be biased by the IRIS effect of cART initiation on KS development and progression. Our aim in this study was to better account for the influence of timing after cART initiation in order to more robustly evaluate the effect of specific cART medication classes on KS incidence among a large, national sample of HIV-infected male veterans.
METHODS
The institutional review board of the Baylor College of Medicine and the Research and Development Committee at the Michael E. DeBakey VA Medical Center (MEDVAMC) in Houston, Texas, approved this study.
Study Population
The Department of Veterans Affairs (VA) HIV Clinical Case Registry (CCR) is a nationwide registry that contains healthrelated information (including demographic, laboratory, pharmacy, outpatient and hospitalization data, and vital status) on all known HIV-infected patients cared for by the VA since the registry's inception [18, 19] . Following identification of HIVinfected veterans, all past clinical data are electronically retrieved. The database is automatically updated electronically. On-site HIV coordinators provide maintenance and verification.
A total of 66 991 HIV-infected adult veterans were enrolled in the CCR between 1985 and 2010. Figure 1 describes criteria used to define the final study sample. The study population was restricted to HIV-infected veterans aged >18 years with documented CD4 and HIV measurement. Inclusion required a confirmed HIV diagnosis date based on (1) the presence of multiple International Classification of Diseases, Ninth Revision (ICD-9) codes for HIV (042 or V08) or (2) a combination of ICD-9 code for HIV, positive HIV-related test (eg, enzyme-linked immunosorbent assay, Western blot, quantifiable HIV RNA measurement) or prescription delivery of cART. To avoid inclusion of individuals erroneously added to the registry, individuals without adequate HIV diagnostics (ie, only a single ICD code for HIV and no laboratory or pharmacy records) or vital statistics were removed. HIV index date was defined as the earliest ICD-9 code, positive test, or prescription delivery. Due to the limited number of females in the population (<2%), only male veterans were included in our analyses. Additionally, we removed individuals whose death or censor date was the same as their HIV index date. Finally, we only included veterans who received cART with quantifiable CD4 or HIV RNA measurements within 90 days of cART initiation.
Kaposi Sarcoma Definition
The primary outcome was diagnosis of incident KS, identified from inpatient and outpatient ICD-9 codes (176.0-9). Cases were individuals with at least 1 KS ICD-9 code at an inpatient encounter or at least 2 codes at outpatient encounters on different dates. Follow-up for longitudinal analyses spanned from first cART to KS diagnosis, death, or 31 December 2010 (final date of current CCR iteration), whichever occurred first. To minimize inclusion of prevalent KS, individuals diagnosed with KS before or within 6 months after initial HIV diagnosis were excluded. For the same reason, KS cases diagnosed within 90 days after cART initiation were excluded. Chart review was conducted on all 149 study participants in the CCR with a KS ICD-9 code and a clinic visit at MEDVAMC. The positive predictive value for the ICD-9 code definition compared with chart review was 77.3%.
Calculating Combination Antiretroviral Therapy Use
cART use was abstracted from pharmacy records in the CCR, which included prescriptions dispensed at all VA facilities. cART use among HIV-infected individuals was defined as any combination of 2 classes of nucleoside reverse transcriptase inhibitors and 1 of either nonnucleoside reverse transcriptase inhibitor (NNRTI) or protease inhibitor (PI) classes, integrase inhibitors, or CCR5 inhibitors and any combination of 2 classes.
Four classes of therapy regimens were defined: ritonavirboosted PI (low-dose ritonavir administered concurrently with another PI), nonboosted PI (other than nelfinavir), nelfinavir, and NNRTI. PI classes were evaluated separately based on research demonstrating differential outcomes for patients receiving boosted vs nonboosted PIs and the prominent use of nelfinavir in previous KS research [12, 20, 21] . Utilization of each regimen was calculated as the aggregate number of therapy days delivered from the dispensed prescriptions. Treatment time excluded intervals of discontinued use or nonadherence (ie, treatment lapses based on prescription refill timing).
For each cART regimen type, 2 measures of drug exposure were examined as predictors of KS incidence in Poisson regression models. The first measure was the percentage of cART period, beginning at first cART, during which the drug regimen was followed. Preliminary examination of the data showed a nearly linear relation between this variable and KS incidence, justifying its use as a linear continuous independent variable. The second measure was total duration of drug regimen exposure. Preliminary examination showed marked nonlinearities in the relation between these durations and KS incidence. Accordingly, duration was categorized (<6, 6-11, 12-23, 24-35, ≥36 months).
Covariate Definitions
Potential confounders included age at HIV diagnosis, race/ethnicity, intravenous drug use, comorbid conditions captured using the Charlson comorbidity index (Deyo modification, calculated at start of follow-up and excluding points allotted for HIV infection) [22, 23] , number of clinic visits per year, % time on cART, time since initiating cART, and era of HIV diagnosis ( pre-cART, before 1996; early cART, 1996-2001; late cART, 2002-2010). Additional HIV disease factors were captured from the CCR laboratory database. Specifically, the lowest CD4 count before cART initiation was used to estimate pretreatment immune function. Time-updated CD4 count and HIV RNA measurements were also collected from cART initiation throughout follow-up to monitor fluctuations in immune status. CD4 variables were categorized (<200, 200-350, and >350 cells/μL). HIV RNA was captured as detectable or undetectable. For standardization of operational procedures at different contributing VA facilities over all study years, the value for undetectable HIV RNA was established as fewer than 500 copies/mL.
Statistical Analysis
Analyses were performed using SAS version 9.1 (SAS Institute, Cary, North Carolina). Distributions of sociodemographic and clinical characteristics among the study cohort were observed. Differences between KS cases and non-KS cases were evaluated using χ² tests for categorical variables and Wilcoxon tests for continuous variables.
Poisson regression models were constructed in order to evaluate the impact of the use of different cART regimens on KS incidence among users. Other covariates were included in the models to stratify or to control for confounding. Multivariable Poisson regression models were fit and adjusted for the clinically relevant covariates described previously (ie, age, race/ethnicity, Deyo comorbidity score, clinic visits/year, % time on cART, era of HIV diagnosis, lowest CD4 count before cART, CD4 count at event/censor, HIV viral load, and time from initiating cART). Effects of predictors and covariates were expressed as incidence rate ratios (IRRs) derived from Poisson regression model parameter estimates, with statistical significance of effects assessed by Wald test statistics derived from parameter estimates and their estimated covariances.
During the course of each participant's follow-up, the primary measures of exposure and some covariates (eg, CD4, HIV viral load) varied over time. Accordingly, the unit of analysis was an episode of drug regimen, with Poisson offset determined by episode length, nested within a participant's cART history. To adjust for within-participant correlation of KS incidence rates conditional on predictors among the drug regimen episodes, a general estimating equations approach was taken to Table 1 displays characteristics of the 25 529 individuals in our cohort, consisting of male HIV-infected patients, 341 of whom were diagnosed with KS. Individuals contributed 169 106 person-years (incidence rate = 2.02/1000 person-years; Figure 2 ). KS cases were younger at HIV diagnosis (40 years vs 44.7 years; P < .0001), more likely to be white or Hispanic, and had shorter follow-up duration than noncases. Individuals with KS were less likely to be on a cART regimen 80%-100% of the time (30.8% vs 43.6%; P < .0001) and more likely to have ever had boosted PI and/or nelfinavir use (22.9% vs 13.3%; P = .02 and 41.9% vs 28.8%; P < .001, respectively). They were also less likely to have ever had nonboosted PI and/ or NNRTI use (23.5% vs 29.5%; P < .0001 and 61.6% vs 73.0%; P < .0001, respectively). KS cases were more likely to be diagnosed with HIV in the pre-cART era (45.8% vs 26.9%; P < .0001) and have the lowest CD4 before cART initiation and CD4 at event/ censor < 200 (54.6% vs 44.0% and 53.8% vs 23.4%, respectively; P < .0001) compared with noncases. KS cases at event/censor were also more likely to have detectable HIV viral loads 80%-100% of the time (71.2% vs 28.0%; P < .0001). Table 2 shows results from the multivariable Poisson model in which predictors of KS were evaluated. Individuals who were on cART 80%-100% time were less likely to have KS (IRR = 0.71; 95% confidence interval [CI], .55-.92) while adjusting for age, race/ethnicity, comorbidities, and other HIV virologic variables. Individuals aged 40-59 years had lower KS incidence than individuals aged <30 years (IRR = 0.52; 95% CI, .36-.76). African Americans had lower KS incidence than whites (IRR = 0.77; 95% CI, .60-.97). Individuals with moderate comorbidities (Deyo comorbidity score = 1) had lower KS incidence than individuals with minimal comorbidities (Deyo = 0; IRR = 0.73; 95% CI, .57-.94). KS incidence was lower in individuals diagnosed with HIV in more recent years (late cART IRR = 0.45; 95% CI, .28-.72). Individuals with the lowest CD4 count before cART initiation, ranging from 200 to 350, had higher KS incidence compared with those with a CD4 count of <200 (IRR = 1.33; 95% CI, 1.02-1.74). Individuals with current CD4 count at event/censor of 200-350 (IRR = 0.41; 95% CI, .31-.55) and >350 (IRR = 0.26; 95% CI, .19-.36) had lower KS incidence compared with <200. Individuals with undetectable HIV viral load had lower KS incidence (IRR = 0.43; 95% CI, .33-.56). Finally, individuals <1 year into their cART regimen were more likely to have KS incidence (IRR = 1.75; 95% CI, 1.27-2.40). Separate sensitivity analyses excluding individuals who died in the first year and individuals who died ever yielded similar results to the full model presented here (data not shown). Table 3 shows results from separate multivariable Poisson models in which the effect of percent time of different cART regimens on KS incidence was evaluated, stratified by number of years of cART drug use. The model examining ritonavirboosted PIs demonstrated a protective effect on KS for every additional 10% time on drug, but only within year 3 after cART initiation (IRR = 0.79; 95% CI, .69-.90). The other drug regimens, stratified by number of years on cART, were not associated with KS.
RESULTS
An examination of the effect of total number of months on each drug regimen on KS incidence is presented in Figure 3 . There is no trend (P = .84) in the reduction of KS incidence with months on NNRTI ( Figure 3A) . Nelfinavir ( Figure 3B ) and nonboosted PIs ( Figure 3D ) demonstrated a relatively stable null effect on KS incidence until ≥36 and ≥24 months on drug, respectively, where there is not a statistically significant reduction in KS incidence. Ritonavir-boosted PIs demonstrate decreased KS incidence at 12-23 months on drug (IRR = 0.47; 95% CI, .23-.95) and again at ≥36 months on drug (IRR = 0.14; 95% CI, .02-1.00) compared with <6 months. There is also an overall trend toward lower KS incidence with longer duration on ritonavir-boosted PI (P = .02).
DISCUSSION
To our knowledge, we are the first to investigate the impact of the type and duration of cART use on KS incidence, accounting specifically for timing of KS diagnosis after cART initiation, in a cohort of cART users. Our results suggest KS incidence is elevated in the first year after initiating cART; these results are similar to those from previous research that demonstrated an elevated KS incidence directly following cART initiation and secondary to KS-associated IRIS. Additionally, once adjustment was made for the effect associated with timing after cART initiation, as well as for other potential confounders including CD4 count and HIV viral load, we found that longer duration on boosted PIs provides a significant reduction in KS incidence. The observed protective effect was most pronounced after at least 1 year on cART. Longer duration on other cART classes was not associated with KS incidence.
As with most AIDS-defining opportunistic diseases, incidence of KS and other AIDS-associated cancers has declined significantly following cART introduction. These positive changes in HIV epidemiology have largely been attributed to the restoration of immune function. However, several recent in vitro and in vivo studies suggest HIV-specific PIs, originally designed to block the development and maturation of the HIV virion by targeting the viral protease, exhibit pleiotropic cellular effects including anticancer activity [11] . Gills et al [24] assessed anticancer properties of 6 PIs and found that nelfinavir, ritonavir, and saquinavir inhibited proliferation of every cell line in the NCI60 cell line panel. They also described potential mechanisms of action, including inhibition of Akt signaling, matrix metalloproteases (MMP) activity, nuclear factor κB, and the proteasome and induction of endoplasmic reticulum stress, autophagy, and apoptosis.
Studies have also shown that PIs directly affect KS development independent of HIV protease inhibition, primarily by targeting the proteasome and MMPs [25] . Ritonavir and saquinavir have been reported to inhibit proliferation of KS cell lines through induction of apoptosis of tumor cells by modulating proteasomal proteolysis without affecting proliferation or survival of noncancerous cells [26, 27] . Additionally, in nude mice injected with KS cells from human lesions, indinavir and saquinavir were shown to prevent development of angioproliferative KS-type lesions by blocking MMP2 activation, thus, inhibiting angiogenesis and cell invasion [12] . Ritonavir and saquinavir have also been shown to block production of inflammatory cytokines and chemokines (eg, tumor necrosis factor-α, interleukin [IL]-6, IL-8), which are critical to KS development and proliferation [27] [28] [29] . Furthermore, experimental models have shown that HIV and HHV-8 replication are reciprocally enhanced through HIV Tat protein activity. In mouse models, Tat viral proteins have been shown to stimulate the growth of KS lesions by promoting migration and proliferation of cytokine-activated endothelial cells and by deregulating angiogenic factors [30] . Ritonavir has been shown to inhibit nuclear factor-κB transcriptional activity induced by HIV Tat viral proteins, thereby interfering with HHV-8 replication and KS development [27, 31, 32] . While evidence from experimental models supports a direct inhibitory role of PIs on KS development and progression, results from previous clinical studies have not shown reduced KS risk associated with PI use compared with other cART regimens. Portsmouth et al [6] analyzed 1204 KS cases in a cohort of 8640 HIV-infected individuals and determined that PI-and NNRTI-based cARTs were equally effective in protecting against KS. Additionally, Stebbing et al [33] identified 198 KS cases from 4480 HIV-infected individuals and found that ritonavir-based therapy did not reduce KS incidence compared with other regimens. These and other similar clinical findings attribute the reduction in KS incidence to improved overall immune function rather than differential effects of specific therapy.
However, these prior clinical studies have not directly measured certain clinical effects (including timing after cART initiation and amount of time on specific cART regimens) that may impact the interpretation of these previous studies. Specifically, KS has been shown to arise from an IRIS-associated pathogenesis secondary to cART initiation [17] . IRIS may manifest clinically as new or worsening KS, which may skew the association between cART use and KS incidence. By adjusting for possible IRIS effects and amount of drug exposure, our study is a more detailed investigation of the effect of different drug classes than previous clinical studies. Our results suggest that timing around cART initiation may play an important role in interpreting the effects of different cART regimens on KS incidence. Under these assumptions, our findings indicate that use of boosted PI-based regimens do provide an advantage in reducing longterm KS incidence and reinforce what is known about anticancer and anti-KS activity of PIs from experimental models described previously. Additional studies in other cohorts are warranted to confirm our findings. Further evaluations of KS Figure 3 . Kaposi sarcoma (KS) incidence rate ratios by total duration of drug exposure for (A) nonnucleoside reverse transcriptase inhibitor (NNRTI), (B) nelfinavir, (C) boosted protease inhibitors (PIs), and (D) nonboosted PIs adjusted for age, race, comorbidities, total combination antiretroviral therapy (cART) exposure, human immunodeficiency virus (HIV) era, CD4 count, HIV viral load, time from initiating cART, and veterans health administration use.
incidence should carefully incorporate similar attributions for timing of cART initiation.
Findings from the current study should be viewed within the context of the study design. Data for the present retrospective cohort study were extracted from a national, system-wide VA registry of HIV-infected veterans. Certain limitations are inherent in large registry-based observational analyses. First, use of ICD-9 codes for identification of KS diagnoses presents the potential for misclassification, and findings should be interpreted under this assumption. Additionally, our statistical models were limited by available data, which did not include certain KS risk factors (eg, mode of HIV transmission [except intravenous drug use]). Also, our data ends at 2010; thus, there was limited exposure to cART medications introduced more recently (eg, atazanavir, darunavir). There is also potential for variable follow-up visit frequency to affect time-updating laboratory values (eg, CD4, HIV viral load). We attempted to reduce potential information bias by segmenting follow-up into 1-week intervals and adjusting for number of clinic visits annually in our analysis. Finally, this study was conducted exclusively on male veterans, which may limit generalizability to other populations. Despite these limitations, the large number of HIV-infected individuals and KS cases contributing data on cART exposure is a considerable strength, enabling execution of the complex analyses described.
CONCLUSIONS
In summary, after accounting for potential IRIS effects, we found that longer duration on boosted PIs reduces KS incidence after at least 1 year on treatment. Our results provide preliminary clinical evidence that supports previous experimental findings of anti-KS activity of some PIs. Additional research is needed to measure newer cART regimens and evaluate the long-term clinical benefit of PI-vs NNRTI-based cART on KS incidence in other cohorts and prospective studies.
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